vivo, we inoculated airway biopsies and fibroblasts from COPD patients with M. catarrhalis . The bacteria specifically adhered to collagen VI-containing matrix fibrils. In vitro, purified collagen VI microfibrils bound to bacterial surface structures. The primary adhesion target was mapped to the collagen VI α 2 -chain. Upon exposure to collagen VI, bacteria were killed by membrane destabilization in physiological conditions. These previously unknown properties of collagen VI provide novel insights into the extracellular matrix innate immunity by quickly entrapping and killing pathogen intruders.
potential to cause upper and lower respiratory tract infections. In preschool children M. catarrhalis is the third most common cause of infective otitis media [4] . In adults this pathogen mainly causes sinusitis, laryngitis, bronchitis and pneumonia [5] . Most commonly, however, M. catarrhalis is associated with persistent bacterial colonization in chronic obstructive pulmonary disease (COPD) patients. It is responsible for 10-15% of infective COPD exacerbations [5, 6] and, taken together, represents a significant global health challenge.
The integrity of body barriers is crucial for the protection of the host against invasive pathogens and transmitted diseases. In order to cause invasive infection, pathogens breach these barriers by exploiting ports of entry and subsequently establish an infection within the surrounding tissue. An initial step in this carefully orchestrated series of events is host target recognition, followed by primary adhesion. By this means bacterial engagement of specific host tissue structures may direct a pathogen to a particular niche, establishing persistent infection and inducing invasion. As a consequence, bacteria have evolved adhesins with the capacity to mediate a highly specific recognition of host molecular patterns. In addition to epithelial cell surface receptors, evidence is emerging that connective tissues provide adhesive sites for pathogens. In COPD patients with predisposing conditions such as chronic inflammation, viral infections or mechanical damage, the epithelial cell layer integrity is compromised and the underlying connective tissue becomes exposed. In this situation, a spectrum of extracellular matrix targets is available for recognition by bacterial adhesins. In recent work, fibronectin, laminin, vitronectin, and collagens I and IV have been identified as such targets [7] [8] [9] [10] [11] [12] [13] .
Collagen VI is a large multidomain molecule and a ubiquitous fibrillar extracellular matrix constituent of connective tissues distant to basement membranes [14, 15] . In some tissues it has been reported as a basement membrane component [16] . It is a heterotrimer of different α-chains, which are organized as a short central triple helix, flanked by various globular domains sharing homology with von Willebrand factor type A domain, salivary gland proteins, fibronectin type III repeat, and bovine pancreatic trypsin inhibitor/Kunitz domain [17] [18] [19] . In a previous study, collagen VI was shown to be upregulated in the airway walls during tissue remodeling in asthma [20] . Recently we identified this collagen as an adhesive substrate for the Gram-positive pathogens Streptococcus pyogenes and Streptococcus pneumoniae [21] . In addition, we found that collagen VI kills streptococci, implying a novel role in connective tissue innate immunity by encoding both adhesive and antimicrobial properties [22] .
During our studies we noticed that Gram-negative respiratory pathogens also adhere to this collagen, followed by bacterial killing, and were prompted to dissect the underlying molecular mechanisms in further detail. As a first step, we aimed to unravel the role of the different collagen VI domains in primary adhesion and chose M. catarrhalis as a model. In the present study we provide evidence that collagen VI is significantly upregulated in the airways of COPD patients. In patches of epithelial damage, extracellular collagen VI networks are exposed in the airway mucosa distant to basement membranes and accessible to intruding bacterial pathogens. In this environment, collagen VI is a specific substrate for M. catarrhalis adherence, followed by membrane destabilization and killing at physiological pH and ionic strength. In particular, the collagen VI α 2 -chain was identified as the primary adhesion target. This is the first report of such properties of collagen VI and implies important dual properties of this molecule in bacterial pathogenesis and innate host defense.
Materials and Methods

Bacterial Strains and Growth Conditions
Moraxella catarrhalis was grown on chocolate agar plates or in brain-heart infusion liquid broth (Difco, Detroit, Mich., USA). Nontypeable Haemophilus influenzae were cultured on chocolate agar plates or in brain-heart infusion liquid broth supplemented with nicotinamide adenine dinucleotide and hemin (both at 10 μg/ ml). Streptococcus pneumoniae was cultured on blood agar plates or in Todd-Hewitt broth supplemented with 0.5% yeast extract (Difco). Bacteria were grown to 2 × 10 9 CFU/ml at 37 ° C in a humid atmosphere containing 5% CO 2 . Finegoldia magna bacteria were cultured under strict anaerobic conditions in Todd-Hewitt broth supplemented with 0.5% Tween-80 at 37 ° C.
Human Lung Tissues
The present study involved 11 subjects with moderate to severe COPD (GOLD stages II-IV). Two additional groups were used as controls: ex-smokers or current smokers without COPD (n = 9) and a control group with subjects who had never smoked (n = 10). Lung tissue was obtained in association with lung lobectomy due to suspected lung cancer, a routine procedure to collect tissues from COPD patients. Only patients with solid tumors with visible borders were included in the study, and tissue was obtained as far from the tumor as possible. Tissue biopsies from smoking and neversmoking subjects were obtained using the same procedure as for otherwise healthy nonatopic individuals. For histological sample preparation, care was taken to immerse the tissue in 4% paraformaldehyde immediately after surgical excision. All subjects gave their written informed consent to participate in the study, which was approved by the local ethics committee in Lund, Sweden (LU339-00). Reverse transcription was performed using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems) according to the manufacturer's instructions. Real-time PCR was performed using TaqMan probe-based chemistry (Applied Biosystems). Primers/probes for collagen type VI α 2 -chain (Hs00365167_m1) and the endogenous control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 3.2 μl cDNA were combined in 25 μl total reaction volume with 4 μl probe for collagen type VI α 2 -chain or GAPDH. The amplification reactions were performed in triplicates in an ABI Prism 7000 Sequence Detection System (Applied Biosystems) according to the manufacturer's instructions. Data were collected and analyzed using the Sequence Detector v1.1 software (Applied Biosystems). Relative gene expression was calculated using the comparative threshold cycle method according to Livak and Schmittgen [23] .
Human Pulmonary Fibroblasts and Cell Culture Conditions
Fibroblasts were isolated from biopsies from control subjects and from tissue sample explants obtained from COPD patients. After sampling, biopsies were immediately transferred to cell culture medium (DMEM supplemented with 10% FBS, ascorbate 100 μg/ml, gentamicin, protein tyrosine phosphatase and amphotericin B; all from Gibco BRL, Paisley, UK). After rinsing, biopsies were chopped into small pieces that were allowed to adhere to the plastic of cell culture flasks for 4 h and kept in cell culture medium at 37 ° C until outgrowth of fibroblasts was observed. Lung explants were obtained from different patient cohorts with severe COPD (GOLD stage IV) who had given informed consent. The study was fully approved by the Swedish Research Ethical Committee in Lund (FEK 91/2006 and FEK 213/2005) . Briefly, lung explants were dissected directly after removal from COPD patients, and specimens were immediately transferred to cell culture medium. Bronchial tissue was collected from the luminal side from the same localization as where bronchial biopsies were taken. Bronchial specimens were chopped into small pieces and then treated as the biopsy material described above. Experiments were performed at passages 3-6. The cell cultures were continuously stained with antibodies against vimentin and prolyl-4-hydroxylase to verify the mesenchymal identity and to estimate the purity.
Adhesion of M. catarrhalis to Human Lung Biopsies
Paraffin-embedded human lung tissue samples from healthy and COPD subjects were sectioned and mounted on glass slides according to routine protocols. For bacterial adhesion experiments, they were deparaffinized with Tissue Clear and rehydrated through a descending series of ethanol (from 100 to 50%). The specimens were put into a wet chamber and inoculated with 2 × 10 9 CFU/ml of M. catarrhalis in PBST (PBS containing 0.05% Tween-20) for 1 h at 37 ° C. In the antibody-blocking assays, paraffin sections were preincubated for 30 min at room temperature with 10 μg/ml anti-collagen VI. In the collagen VI-blocking assays 2 × 10 9 CFU/ml bacteria were preincubated for 30 min at room temperature with 10 μg/ml soluble collagen VI. Unbound bacteria were removed by extensive washing with PBST. Tissue sections were covered with brain-heart infusion medium and incubated in 5% CO 2 at 37 ° C for 5 h to allow bacterial multiplication. Unbound bacteria were again removed by extensive washing with PBST. After incubation with bacteria, tissue sections were fixed with 2.5% glutaraldehyde in cacodylate buffer (0.15 M sodium cacodylate, pH 7.4) overnight at room temperature. Specimens were prepared for scanning electron microscopy as described below.
Adhesion of M. catarrhalis to Human Pulmonary Fibroblasts
Fibroblasts from healthy and COPD lung tissues were incubated with 2 × 10 9 CFU/ml of bacteria for 1 h at 37 ° C in a humid atmosphere with 5% CO 2 . In parallel, blocking assays with anticollagen VI or soluble collagen VI were carried out as described in the paragraph above. After a washing step, cells were fixed with 4% formaldehyde and 2.5% glutaraldehyde in PBS for 2 h at room temperature. In some experiments, for pre-embedding immunogold labeling of collagen VI in matrix fibrils, sections were incubated with a 1: 100 dilution of anti-collagen VI antibody and protein A/G-coated colloidal gold particles (10 nm; British BioCell International, Cardiff, UK). After washing, samples were fixed with 4% formaldehyde and 2.5% glutaraldehyde. Specimens were subsequently prepared for scanning electron microscopy as described below.
Reagents, Labeling of Proteins and Binding Assays
Collagen type VI microfibrils were extracted from bovine cornea by collagenase digestion [24] with modifications as described in Bober et al. [21] . Antibodies (1014+) and recombinant collagen VI fragments [α 1 (VI), α 2 (VI), α 3 (VI), N9-N2 and N6-C5) were a kind gift of Dr. Rupert Timpl (MPI, Martinsried, Germany; for references, see Bruns et al. [15] and Timpl and Chu [25] ). Proteins were radiolabeled with 125 I using iodobeads (Pierce, Rockford, Ill., USA) according to the manufacturer's specifications. Binding of radiolabeled protein to bacteria was performed as described [21] . For electron microscopy recombinant collagen VI α-chains and fragments were labeled with 5 nm thiocyanate gold as described earlier [26] . Bacteria were grown to mid-logarithmic phase, washed and diluted to 2 × 10 9 CFU/ml in Tris-buffered saline (150 m M NaCl, 50 m M Tris-HCl, pH 7.4) supplemented with 5 m M glucose (TG buffer) and then incubated with gold-labeled proteins for 1 h at 37 ° C. Samples were prepared for negative staining as described below.
Light Microscopy and Immunohistochemistry
For immunostaining, airway biopsies from healthy and COPD patients were fixed in 4% formaldehyde, dehydrated and embedded in paraffin. Sample sections were placed on Superfrost Plus glass slides (Fisher Scientific, Gothenburg, Sweden), deparaffinized in Tissue Clear (Histolab Products, Gothenburg, Sweden) and rehydrated in graded alcohol and water. The sections were then treated with Dako Antigen Retrieval Solution (Dako, Glostrup, Denmark) for 40 min at 97 ° C. The samples were blocked in Tris-buffered saline (150 m M NaCl, 50 m M Tris-HCl, pH 7.4) with 0.05% Tween-20 supplemented with 20% goat serum, and 1% BSA for 45 min at room temperature. After 3 washing steps, they were incubated overnight at room temperature with an antibody directed against the collagen VI N9-N2 domain (provided by Dr. Rupert Timpl, MPI, Martinsried, Germany), diluted 1: 500 in incubation buffer (5% goat serum, 1% BSA in Tris-buffered saline with 0.05% Tween-20). The samples were washed with incubation buffer and subsequently incubated with secondary alkaline phosphataseconjugated anti-rabbit IgG (Dako, Glostrup, Denmark), diluted 1: 1,000 in incubation buffer for 2 h at room temperature. The samples were washed again briefly with incubation buffer. Sections were developed with Vulcan Fast Red chromogen (Biocare Medical, Concord, Calif., USA) and counterstained with Harris hematoxylin (Histolab Products). Sections were visualized using an Eclipse 80i microscope (Nikon, Tokyo, Japan) equipped with a Digital sight DS-Fi1 camera (Nikon). Statistical evaluations were performed on total 50 different airway profiles on 5 different sections for each individual.
Electron Microscopy and Immunohistochemistry
For negative staining and transmission electron microscopy, samples were adsorbed to 400-mesh carbon-coated copper grids and stained with 0.75% (w/v) uranyl formate as recently described in detail [27] . Samples were examined in a JEOL JEM 1230 transmission electron microscope (JEOL, Peabody, Mass., USA) at 60 kV accelerating voltage. Images were recorded with a Gatan Multiscan 791 CCD camera using DigitalMicrograph TM software. For scanning electron microscopy, specimens were fixed overnight at room temperature with 2.5% glutaraldehyde in cacodylate buffer. They were then washed with cacodylate buffer and dehydrated with an ascending ethanol series from 50% (v/v) to absolute ethanol. The specimens were then subjected to critical point drying with carbon dioxide, and absolute ethanol was used as an intermediate solvent. The tissue samples were mounted on aluminum holders, sputtered with 20 nm palladium/gold and examined in a JEOL JSM-350 scanning electron microscope using a secondary electron detector (Everhart-Tornley detector, JEOL style). Alternatively, tissue samples were coated with 20-nm carbon prior to immunodetection with a backscattered electron detector (MP-64070 -BEIW). Contrast and brightness were adjusted in Adobe Photoshop CS5.
Statistical Analysis
Data sets were assessed by Student's t test for paired data. Differences were considered statistically significant at p ≤ 0.05. Significance levels were set at p ≤ 0.05 and p ≤ 0.01.
Results
Increased Collagen VI Expression in the Lungs of COPD Patients
In order to analyze collagen VI mRNA expression in lung tissue, real-time PCR was performed. Tissue samples from control individuals and smokers were compared to COPD patients. Collagen VI mRNA threshold cycle values were normalized to the housekeeping gene GAPDH. We observed that collagen VI mRNA levels were significantly increased in COPD subjects as compared to both healthy subjects and smokers ( fig. 1 a) . No major changes in mRNA levels were observed comparing the control groups of non-smokers and smokers.
Increased Collagen VI Protein Levels in COPD and Exposure of the Protein in Patches of Epithelial Damage
In an attempt to correlate collagen VI gene expression with protein abundance and localization, paraffin sections of lung biopsies from normal and COPD subjects were analyzed by immunohistochemistry and light microscopy. In COPD patients, elevated levels of collagen VI were observed in the extracellular matrix of the airway mucosa. The collagen was particularly abundant in a region 120 ± 40 μm wide and distant to the epithelial basement membrane ( fig. 1 b, COPD) . Interestingly, in patches of epithelial damage, collagen VI in the underlying connective tissue was frequently exposed in the airway lumen (arrow). In contrast, in normal lung tissue, collagen VI exhibited a more ubiquitous distribution throughout the airway mucosa at lower protein expression levels ( fig. 1 b, control) . Similar observations were made in small airways and alveoli (not shown).
Adherence of M. catarrhalis to Collagen VI in the Airway Mucosa Is Enhanced in COPD
Based on these results, we first asked whether the increased expression of collagen VI influences the susceptibility of the remodeled airway mucosa to bacterial adherence. Airway biopsies from healthy and COPD subjects were challenged with M. catarrhalis for 1 h at 37 ° C, washed extensively and prepared for scanning electron microscopy ( fig. 2 ) . Microscopic evaluation showed that there was a significant increase in bacterial adhesion to COPD patient biopsies ( fig. 2 b) as compared to tissue from control subjects ( fig. 2 a) . Thus, we performed a quantitative evaluation of 30 cellular profiles ( fig. 2 c) . In airways from healthy individuals, bacteria were primarily attached to the ciliated epithelial lining ( fig. 2 c, healthy) . There were only few bacteria binding to intracellular targets and a moderate number adhering to the subepithelial lamina propria. In contrast, in biopsies from COPD patients, M. catarrhalis adhesion was greatly enhanced, especially in the upper ∼ 100-μm region of the lamina propria, following the tissue distribution of collagen VI described above ( fig. 2 c, COPD) . Frequently bacteria were observed adhering to fibrillar structures in the subepithelial lamina propria (arrows). Similar observations were made in pulmonary fibroblast cell culture and inoculation with M. catarrhalis ( fig. 3 ) . Colonies of bacteria frequently adhered to extracellular matrix fibrils secreted by the fibroblasts ( fig. 3 a, arrows, fig. 3 j, k) . Scanning electron microscopy and immunolocalization revealed that these fibrils contained collagen VI ( fig. 3 b, c, arrowheads) .
Similarly, bacteria were observed to adhere to collagen VI-containing fibrils in the lamina propria of lung biopsies ( fig. 3 f, g, arrowheads) .
Inhibition of M. catarrhalis Adherence to the Airway Mucosa and Human Pulmonary Fibroblasts
To further clarify the role of collagen VI in the adherence of M. catarrhalis to the airway mucosa, competition studies were performed using polyclonal anti-collagen VI antibodies and soluble collagen VI molecules ( fig. 4 ). Both preincubation of lung biopsies with antibodies and preincubation of bacteria with soluble collagen VI significantly decreased the number of adherent bacteria in the lamina propria ( fig. 4 a-d, i) . Similar observations were made in parallel experiments with primary pulmonary fibroblasts from healthy individuals and COPD paa Fig. 1 . Collagen VI is upregulated in COPD airways and exposed in regions of epithelial damage. a RT-PCR of collagen VI expression in lung tissues from healthy individuals, smokers and COPD patients. Relative gene expression was normalized to the housekeeping gene GAPDH and is given as ΔC T value, where higher values correspond to lower gene expression levels. Data sets were assessed by Student's t test for paired data. Differences were considered statistically significant at p ≤ 0.05. Significance levels were set at * p ≤ 0.05 and * * p ≤ 0.01. fig. 4 e-f, i) . There was a 5-fold increase in bacterial adhesion to airway tissues and fibroblasts from COPD patients, which was decreased to some 40% by preincubation with the different blocking molecules. The adherence of M. catarrhalis bacteria to biopsies or cells was not affected by preincubation with nonspecific IgG or human serum albumin (not shown). Taken together, these results reveal the importance of collagen VI as a substrate for M. catarrhalis primary adhesion during invasive infection of the bronchial airways in COPD. 
M. catarrhalis Adhere to Collagen VI Microfibrils in vitro, Followed by Membrane Disruption and Killing
Bacteria were incubated for 1 h at 37 ° C with purified collagen VI microfibrils at physiological pH and ionic strength (pH 7.4 and 150 m M NaCl). They were compared to a panel of relevant Gram-negative and Grampositive lung pathogens, treated under similar conditions. F. magna isolates from skin were used as a control. Specimens were then examined by negative staining and transmission electron microscopy ( fig. 5 ). Collagen VI microfibrils (arrows) adhered to surface structures of M. catarrhalis ( fig. 5 a) . Collagen VI was recruited to the bacterial surfaces of nontypeable H. influenzae ( fig. 5 b) , S. pneumoniae ( fig. 5 c) and Pseudomonas aeruginosa ( fig. 5 d) in a similar way. In contrast, F. magna showed no affinity for this collagen ( fig. 5 e) . For all pathogens, collagen VI binding resulted in membrane destabilization, exudation of cytoplasmic content ( fig. 5 f-i, asterisks) and killing ( fig. 6 a) . Electron-microscopic inspection of the events underlying the killing process revealed extensive initial membrane vesicle blebbing, followed by large-scale membrane disruption ( fig. 6 b-g ). F. magna bacteria were not affected and retained their morphological integrity ( fig. 5 j, 6 a) . M. catarrhalis bind to collagen VI-containing extracellular matrix fibrils. Human lung fibroblasts from patients with severe COPD (GOLD stage IV; a , c ) were allowed to deposit a dense fibrillar matrix. The specimens were incubated with M. catarrhalis and prepared for immunolocalization and scanning electron microscopy. The bacteria were frequently observed to adhere to extracellular collagen fibrils (arrows). These fibrils contained collagen VI as shown by immunodetection with collagen VI antibodies ( b , c , arrowheads). Similar observations were made with collagen fibrils in airway biopsies described in figure 2 ( f , g ). Control specimens treated with secondary gold conjugate alone did not exhibit any fibrillar staining ( d , e , fibroblasts; h , i , airway biopsies). The scale bars represent 10 μm ( a ) and 2.5 μm ( b-i ). j , k Ultrathin sections of fibroblasts incubated with M. catarrhalis bacteria (arrows) adhering to the extracellular collagen matrix (arrowheads). k Bacteria are frequently colocalized with collagen VI in the extracellular collagen matrix as visualized by collagen VI antibodies conjugated with 5-nm colloidal gold. f = Fibroblast; b = bacteria; c = extracellular collagen matrix. The scale bars represent 1 μm.
M. catarrhalis Interact Specifically with Collagen VI through the Collagen VI α 2 -Chain
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VI microfibrils were added to PBS without bacteria. After incubation for 1 h at 37 ° C, followed by centrifugation and washing steps, full-length collagen and the collagen VI α 2 -chain were found in the bacterial pellets ( fig. 7 b) . Similar observations were made by transmission electron microscopy ( fig. 7 c) . Collagen VI fragments were labeled with 5-nm colloidal gold and incubated with M. catarrhalis bacteria. Negative staining revealed that the recombinant collagen VI α 2 -chain bound specifically to the bacterial surface (arrowheads) whereas the other collagen fragments exhibited a random background distribution.
Discussion
Recently, we described collagen VI as a multifunctional extracellular matrix molecule with adhesive and antimicrobial properties against Gram-positive pathogens in vitro [22] . In this study, we set out to further dissect the molecular mechanisms regulating the role of this intriguing molecule in innate host defense. We elucidate potential in vivo functions as an adhesive substrate and antibacterial agent for Gram-negative respiratory microorganisms. M. catarrhalis is used as a model system and in some experiments compared to other relevant pulmonary pathogens such as nontypeable H. influenzae , S. pneumoniae and P. aeruginosa . In particular, the susceptibility of the airway mucosa to M. catarrhalis infection in COPD is assessed. We identified the collagen VI α 2 -chain as the primary adhesion target, a hitherto unknown feature, giving this collagen its adhesive properties. Upon collagen VI recruitment on the bacterial surface, M. catarrhalis and other pathogens are rapidly eliminated by membrane disruption. These findings highlight the many faces of collagen VI in bacterial host invasion and in innate host defense transmitted by the extracellular matrix. Collagen VI is a member of an extracellular matrix protein family which is ubiquitous in the body, making up 25-35% of the total protein content. Collagens are found in skin, lungs, tendons (type I collagen), basement membranes (type IV collagen) and joints (type II collagen). Collagen VI has an interstitial distribution, often located distant to basement membranes and associated with collagen I. In addition, it has recently been proposed as a basement membrane component [16] . Studies on pathogen adherence to collagens are mainly focused on the classical fibrillar collagens type I, III and V, or the basement membrane collagen type IV [for references, see 10] . However, only a few pathogens have been described to bind collagen directly, and the majority of them use prebound fibronectin as a bridging molecule [8] . Here, we describe a novel function for collagen VI as a substrate for direct adherence of M. catarrhalis . Similar observations have been made for a variety of Gram-positive and Gram-negative pathogens [Abdillahi et al., in preparation; Nordin et al., in preparation], introducing this molecule as a broad-spectrum antimicrobial agent. It thus appears that collagen VI renders the host extracellular matrix susceptible to pathogen attachment during distinct stages of infection. In a following series of events, this collagen enables the host to clear the infection site from invading pathogens by rapid killing.
Invasion of the airway mucosa requires intricate strategies by pathogens, trying to evade the various types of host response. Bacterial anchorage on host targets is an initial crucial step in the process of adhesion, colonization and establishment of a biofilm, and the subsequent development into a clinically relevant invasive infection. In response to microbial encounter, the host has evolved multiple innate and adaptive defense mechanisms for efficient pathogen eradication and tissue repair while limiting collateral tissue damage. Therefore, one of the most important strategies to combat devastating pulmonary infections is to understand the molecular mechanisms of early phases of pathogen adhesion and innate host responses.
Thus, in initial experimental setups, collagen VI expression in the airways of healthy and COPD subjects was investigated. By a combination of RT-PCR and immuno- Collagen VI microfibrils adhere to M. catarrhalis and other pulmonary pathogens, followed by killing. Collagen VI microfibrils were purified from bovine cornea and allowed to react with M. catarrhalis ( a ), nontypeable H. influenzae ( b ), S. pneumoniae ( c ) and P. aeruginosa ( d ). Negative staining and transmission electron microscopy visualizes primary adhesion of collagen VI networks (arrows) to the bacterial surfaces ( a-d ), followed by killing within 1 h ( f-i ). Asterisks denote areas of membrane destabilization and exudation of intracellular content ( f-i ). F. magna was used as a control and did neither recruit collagen VI ( e ) nor exhibit killing ( j ). The scale bars represent 100 nm ( a-e ) and 1 μm ( f-j ). 515 histochemistry, we found a broad distribution of the protein in the lamina propria. In contrast, the collagen was significantly upregulated in fibrotic airways, where the highest expression levels were found in a 100-to 200-μm-wide region distant to the subepithelial basement membrane. As a consequence, M. catarrhalis adherence was considerably enhanced in COPD patients. The bacteria strongly bound to collagen VI-containing fibrillar networks and followed the collagen VI expression pattern through the lamina propria. Pretreatment of specimens with soluble collagen VI protein or anticollagen VI antibodies reduced the binding capability of M. catarrhalis . Similar observations were made with pulmonary fibroblasts in cell culture. These data suggest significant contributions of collagen VI in mediating primary pathogen adhesion in the pulmonary system. Structural abnormalities caused by airway remodeling are currently known to affect not only individuals with asthma, but also patients with COPD [28, 29] . They include epithelial desquamation and eventually epithelial denudation, followed by exposure of the subepithelial basement membrane and the underlying lamina propria. Postviral infection injury is likely to have the same effect by breaching the airway mucosa integrity. In patches of epithelial lesions, a variety of extracellular matrix targets become exposed and may provide entry ports for invasive microorganisms. In this environment, elevated levels of collagen VI networks with both adhesive and antimicrobial properties may be beneficial for containment and rapid elimination of pathogen intruders already at the basement membrane barrier. Indeed, the results presented in this work show that different pulmonary pathogens are rapidly killed by collagen VI microfibrils, sug- gregation, colonization and host invasion, causing infections of deeper tissue compartments and contributing to COPD exacerbations. On the other hand, pathogen recruitment on collagen VI may be a means for the host to prevent pathogen spreading by containment and rapid elimination. The in vivo relevance of collagen type VI for primary adhesion as well as the characterization of the microbial surface adhesins is currently investigated in our group in more detail. Our findings contribute to an increasing body of knowledge of the carefully orchestrated balance between host invasion and host defense in bacterial infections.
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gesting an important role of this molecule in host defense in vivo. Similarly, host defense properties of the basement membrane protein laminin have recently been described [30, 31] , highlighting the emerging position of connective tissue components in the field of innate immunity. However, the exact molecular mechanisms underlying such properties of collagen VI in vivo are still elusive and beyond the scope of this work. It remains an exciting future challenge to investigate how in vivo degradation mechanisms generate bioactive peptides from collagen VI. Taken together, according to this mechanism, adherence to collagen VI scaffolds may support pathogen ag- 
